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THE MECHANISM OF THE SECRETION OF SULFON-
AMIDE DRUGS IN GASTRIC JUICE*
HORACE W. DAVENPORT
Cooke, Davenport, and Goodman4 have shown that five sulfon-
amide drugs are secreted in the gastric juice. When the concen-
tration ratio is defined as the concentration in the gastric juice divided
by the concentration in the plasma it is found that the average con-
centration ratios of sulfanilamide and sulfapyridine are 2.6 and 3.2
respectively. The average concentration ratios of sulfathiazole,
sulfadiazine, and acetylsulfanilamide are 0.16, 0.28, and 0.30
respectively. The concentration ratios of all the drugs decrease
significantly with increasing rates of gastric secretion, and the con-
centration ratios of all but sulfathiazole increase significantly with
increasing plasma concentration of the drugs.
The fact that the concentration ratios of sulfanilamide and
sulfapyridine are greater than one makes it appear that osmotic
work is done by the gastric mucosa in secreting the drugs. This
cannot be explained by the tentative theory of the mechanism of
acid secretion proposed by Davenport' or by any other current
theory. The meaning of the variations of the concentration ratios
with rate of secretion and plasma concentration is also obscure, and
it must be explained before any theory of the mechanism of secretion
can be accepted. This paper presents a simple and comprehensive
explanation of all the observed facts of sulfonamide secretion, and
it shows that the facts are not opposed to Davenport's theory of
the mechanism of acid secretion.
The equation for evaluating the work done when N mols of a
solute are transferred from one solution where its activity is fp [PI
to another in which its activity is fgj [GJ] can be written
AF=NRT In fgj [GJI (1)
fp [P1
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The quantities [P] and [GJ] in this case are the concentrations of
the sulfonamide drugs in the plasma and gastric juice. The con-
centrations are expressed in mg. per cent for the sake of conformity
with the rest of the literature on the drugs, and since the concen-
trations appear only in a ratio the unit in which they are expressed
is irrelevant. The quantities fp and fgi are the activity coefficients
of the drugs in the plasma and gastric juice. AF is the change in
free energy. When AF has a positive value there is an increase in
free energy when the drug is secreted. This increase in free energy
must be accompanied by at least an equal decrease in free energy in
another part of the system. In biological systems such an increase
in free energy is usually brought about by a much greater decrease
in free energy in the processes of cellular metabolism. When AF
is zero the two solutions are in equilibrium with respect to the solute,
and when AF is negative there is a decrease in free energy. In
neither of the latter two cases must energy be supplied by another
part of the system.
In calculating osmotic work done by biological systems the
activity coefficients are often ignored or are assumed to be unity.
For example, Borsook and Winegarden' in their calculation of the
work done in the formation of urine neglected the activity coeffi-
cients on the grounds that the correction would be negligible, and
Davenport and Fisher' in their calculation of the work done in
secreting hydrochloric acid assumed that the activity coefficients of
hydrogen and chloride ions are nearly unity in dilute solutions.
However, the composition of plasma is so different from that of
gastric juice, particularly with respect to hydrogen ion concentration,
that there is no reason to believe that the activity coefficients of
amphoteric substances such as the sulfonamide drugs are the same
in each solvent. Before the work done in secreting the drugs can
be calculated, the activity coefficients must be determined.
The activity coefficients cannot be directly determined, but their
ratio can be obtained in the following manner. The chemical poten-
tial of a solute in saturated solution is equal to that of the solid
phase in equilibrium with it. Plasma is saturated with the sulfon-
amide drug, and the saturating concentration is determined. Like-
wise a hydrochloric acid solution whose hydrogen ion concentration
is equal to that of the gastric juice is saturated with the same drug,
and the saturating concentration is determined. Since the chemical
potential of the drug in each of the saturated solutions is equal to
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that of the drug in the solid phase the chemical potentials are equal
to each other. Therefore
fP [P]sat=fgj [GJ]sat .................................................................(2)
and
fgj [P]sat
fP [GJ]sat.................. (3)
When the ratio of the activity coefficients is determined according
to equation 3 the ratio can be substituted in equation 1 together with
the observed concentration ratio, and the true change in free energy
can be calculated.
Large samples (500 mg.) of the five drugs in powder form were
placed in glass tubes containing 7 ml. samples of either sterile dog
plasma or 0.153 N HCI. The hydrochloric acid concentration was
equal to the average concentration at which it was secreted by the
pouches used by Cooke, Davenport, and Goodman. The tubes were
sealed and placed in a water-bath at 370 C. until saturation was
reached. The samples were then rapidly filtered, and the drug
concentrations were determined by the method of Bratton and
Marshall.2 All observations were made in triplicate. The results
are presented in Taible 1 together with the calculated ratios of the
activity coefficients and the ratio occurring in equation 1.
TABLE 1
THE SOLUBILITIES OF THE SULFONAMIDE DRUGS AND THE RATIO OF THEIR
ACTIVITY COEFFICIENTS IN PLASMA AND IN 0.153 N HCI at 370C.
[PIJ [GJ]8at [P]8at foi fgj[GJ]
Drug observed* mg. % mg. % fv, f, [PI
Sulfanilamide .2.60 i 0.59 3980 1540 0.387 1.01
Sulfapyridine .3.21 ± 1.06 810 62 0.077 0.25
Sulfathiazole .0.16 i 0.07 1120 348 0.311 0.05
Sulfadiazine .0.28 ± 0.09 188 175 0.931 0.26
Acetylsulfanilamide 0.30 4± 0.03 256 278 1.09 0.33
* Cooke, Davenport, and Goodman.4
It can be seen that when the observed concentration ratios are
multiplied by the appropriate activity coefficient ratios the products
are either one or less than one. The logarithm of one is zero, and
the logarithm of quantities less than one are negative. Therefore
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AF is equal to zero in the case of sulfanilamide or is negative in
the case of the other drugs. Therefore there is no increase in free
energy, and no work is done. Although the concentrations in mg.
per cent of sulfanilamide and sulfapyridine in the gastric juice are
much greater than the concentrations in the plasma the activities are
proportionally lower. Any concentration of sulfanilamide in the
plasma is in equilibrium with 2.6 times as high a concentration in the
gastric juice, and any concentration of the other drugs in the plasma
is in equilibrium with a much higher concentration in the gastric
juice than is actually attained.
The other characteristics of the gastric secretion of the sulfon-
amide drugs can be explained in the following manner. Consider
a unit volume of the blood in the gastric mucosa which is secreting
gastric juice at a rate R ml. per minute. The blood contains a
sulfonamide drug at an activity fp[P]. The drug will diffuse into
the gastric juice where it has an activity fgj[GJ], and the amount
which diffuses in any instant, dx/dt, will be proportional to the area,
a, of the boundary between the blood and the gastric juice, the dif-
fusion constant, k, characteristic of the drug, and the difference in
activities. This can be written
dt -dx =ka{fp[P]-fgj[GJ]}.(4)
The path of the sulfonamide diffusion need not be the same as that
of the acid secretion; the acid may be formed by the parietal cells,
and the sulfonamide may diffuse through any cells in contact with
the gastric juice.
Obviously the concentration of the drug in the gastric juice is
equal to dx/Rdt. Dividing both sides of equation 4 by R we have
[GJ] ka fp 5
[P] R+ka fgj(5)
When the rate of gastric secretion is zero, ka cancels out, and the
concentration ratio is equal to the ratio of the activity coefficients.
As the rate of secretion increases the concentration ratio decreases
in the manner experimentally observed by Cooke, Davenport, and
Goodman.
The concentration ratio at any finite rate of secretion depends
upon the numerical values of R and ka. An estimate of the values
of ka for the different drugs can be obtained in the following man-
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ner. Consider a unit volume of the blood of a dog in which the
activity of the drug in the blood vessels is higher than in the sur-
rounding tissue. If it can be assumed that on the average the
activity coefficients of the drug in the blood and in the tissue fluid
and the body cells are the same the amount of the drug which will
diffuse from the blood to the tissues in any instant, dx/dt, will be
proportional to the area, a, of the boundary of the blood vessels,
the diffusion constant, k, characteristic of the drug, and the difference
in concentrations. This can be written
dx da B][]}..........(6)
where [B] and [C] are the concentrations in the blood and the rest
of the body fluid respectively. The diffusion constant, k, is the
same as that in equation 4, and the area of the boundary of any
unit volume of blood must on the average be equal to that in any
unit volume of blood in the gastric mucosa. Therefore the term ka
is the same as that in equation 5.
The term ka can be evaluated experimentally by the following
method. A known amount, S, of a sulfonamide drug is injected
intravenously into a dog having a blood volume V and a boundary
area a'. As the drug diffuses out of the blood the concentration in
the blood at any instant is [B] and the concentration in the rest of
the body is [C]. It is obvious that
[C] =S-[B]EV [B]E .................... (7)
where [B]z is the blood concentration when equilibrium has been
reached. Since x is the amount of the drug in the total volume of
blood at any instant
-Vd[B]=dx ............................ (8)
and
-d[B] ka'
dt - V {[B]-[C]} ..(9)
Substituting and integrating between the limits [B]1 to [B]2 and
t1 to t2 we have
ka'= S- [B]EV}V In [B]1-[BIE ......... (10)
S(ta-tl)[B]2- [BIE.(10) .
..................
Since a. is the boundary of a unit volume of blood and a' is the
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boundary of V ml. of blood, a' equals aV. Therefore ka can be
calculated from the observations made on the concentration of the
drug in the blood after a known amount has been injected.
The numerical values of ka for the five drugs were determined
in the same dog (9.6 kg. in weight). Its blood volume was
repeatedly measured using the dye T-1824, and it was found to be
1050 4 23 ml. A 10 ml. solution containing 100mg. of the sodium
salt of the drug for which
ka was to be determined
was rapidly injected into
the jugular vein. At in-
tervals blood samples were
LFATHIAZOLE taken from the jugular t \ vein on the other side, and
SULFADIAZINE the blood was analyzed for
the drug by the method of
Bratton and Marshall.2
ACETYLSULFANILAMIDE The experimental results
are presented in Fig. 1,
SULFAPYRIDINE and the average values of kaarepresentedinTable2.
As might be expected,
SULFANILAMIDE sulfanilamide and sulfa-
pyridine diffuse from the
blood too rapidly to per-
mit an accurate determina-
.________________ _ .tion of the constant. The o 10 20 30 blood concentration of each
FIG. 1. Abscissae: time in minutes after injection. Of the dru t
Ordinates: mg. per cent. The curves are drawn with gs comes o
no reference to the base-line to avoid overlapping. within 90 per cent of equi-
librium within one minute
after injection, and the values of ka reported for them in Table 2
are very inaccurate. The rapid diffusion of sulfanilamide and sulfa-
pyridine through the tissues accounts for the fact that these two
drugs, in contrast with the other drugs, appear in the gastric juice
at concentrations higher than the concentration in the plasma, yet
equal to or lower than the equilibrium concentration.
Sulfathiazole, sulfadiazine, and acetylsulfanilamide diffuse
through the tissues more slowly, and for them good estimates of ka
can be obtained. As shown in Table 2 when ka and the activity
594GASTRIC SECRETION OF SULFONAMIDE DRUGS 595
coefficients, fp being assigned the arbitrary value of unity, are sub-
stituted in equation 5 the calculated values of the concentration
ratios are found to agree fairly well with the observed values, and
the calculated values vary with the rate of secretion as do the
observed values.
The agreement between the theoretical and the observed con-
centration ratios is evidence of the validity of the theory presented in
this paper. Furthermore all the other features of the gastric secre-
tion of the sulfonamide drugs are explained. As shown by equation
5, when the rate of secretion is small the concentration ratio
approaches fp/fgj, and the concentration ratio approaches the ratio of
TABLE 2
DIFFUSION CONSTANTS AND CALCULATED AND OBSERVED CONCENTRATION RATIOS
Rate of Calculated Observed
secretion concentratior concentration
Drug ka m./min. ratio ratio*
Sulfanilamide ........... > 10
0.50 3.8 3.5 i 1.2
Sulfapyridine ........... 2.7 1.00 2.2 3.4 i 0.8
1.75 1.4 2.6 ±0.9
0.50 0.32 0.19 4 0.07
Sulfathiazole ............ 0.175 1.00 0.17 0.13 i 0.05
1.75 0.10 0.08 ±t 0.01
0.50 0.34 0.33 i 0.08
Sulfadiazine ............. 0.252 1.00 0.20 0.28 i 0.03
1.75 0.13 0.16 ± 0.03
Acetylsulfanilamide .. 0.47 0.40 0.52 0.31 i 0.03
0.80 0.36 0.29 i 0.02
* Cooke, Davenport, and Goodman.4
the activity coefficients more closely the greater the rate of diffusion.
This accounts for the fact that the concentration ratios of the drugs
which diffuse most rapidly are greater than unity, but equal to or
less than the equilibrium ratio. On the other hand, the drugs which
diffuse slowly have concentration, ratios still farther from the equi-
librium values. The dependence of the concentration ratio on the
rate of secretion is explained by equation 5. The fact that the con-YALE JOURNAL OF BIOLOGY AND MEDICINE
centration ratios increase slightly with increasing plasma concentra-
tion is explained byequation 4, for the rates of diffusion of the drugs
increase as the difference between their concentrations in the plasma
and gastric juice increases. Therefore the correct conclusion must
be that the gastric secretion of the drugs depends not upon any
specific secretory activity of the gastric mucosa or upon the charac-
teristics of the acid-secreting process but only upon their activities
and rates of diffusion.
The data presented in this paper also explain the secretion of
the drugs by other organs. Carryer and Ivy3 have shown that the
concentration of sulfanilamide in bile, pancreatic juice, succus
entericus, and saliva runs roughly parallel to the blood concentra-
tion. This would be expected, for the activity of sulfanilamide in
these more nearly neutral solutions is close to that of the blood.
The rapid diffusion of sulfanilamide would be the only factor con-
trolling its appearance in the secretions. Sulfapyridine, which also
diffuses rapidly, also appears in the bile at a concentration equal
to that ofthe blood. On the other hand sulfathiazole which diffuses
slowly appears in the bile only 1/5 to 1/29 as concentrated as in
the blood.7 Similar considerations apply to the secretion of the
drugs in the cerebrospinal fluid. The rapidly diffusing sulfanil-
amide and sulfapyridine appear in the cerebrospinal fluid at the
same concentration as in blood, while the more slowly diffusing
sulfadiazine only gradually reaches the level of the blood concen-
tration. Sulfathiazole, the drug which diffuses most slowly, never
reaches significantly high levels in the cerebrospinal fluid. Its con-
centration in tears is also always about 1/6 its concentration in
blood.8 All these observations are consistent with the view that
the secretion of the sulfonamide drugs depends only upon their
physical chemical characteristics, such as their activities and diffu-
sion constants, and not upon the nature of the specific secretory
processes.
This analysis of the mechanism of the secretion of sulfonamide
drugs has very little importance in itself, but it is presented as
an example of the type of analysis upon physical chemical principles
which might serve to explain the secretion of many other substances
by secretory organs other than the gastric mucosa.
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Summary
The solubilities of sulfanilamide, sulfapyridine, sulfadiazine,
sulfathiazole, and acetylsulfanilamide in dog plasma and in hydro-
chloric acid of a concentration equal to that of the gastric juice were
determined at 370 C.
The rates of diffdision of the five drugs through the tissues of
the dog were determined.
A simple, comprehensive theory of the gastric secretion of the
drugs based on the activities of the drugs in plasma and in gastric
juice and upon their rates of diffusion through the tissues was
developed. Using observed solubilities and rates of diffusion the
theory was found to explain completely the characteristics of the
gastric secretion of the sulfonamide drugs.
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